Increasing heat fluxes in decreasing sizes of a microchannel heat sink have necessitated studies into better systems, in particular a more capable coolant for improved thermal management. Nanofluids have been at the forefront with their higher thermal conductivity as compared to the base fluid alone. However, few investigations have looked into the role played by surfactants, a component used for dispersion and stability of nanofluids, and their influence on thermophysical properties and thermal performance. Optimized performances of carbon nanotube nanofluids with different surfactants at different volume fractions under laminar flow are studied. Using the thermal resistance model and experimental data for thermal conductivity and viscosity of nanofluids, the thermal resistance and pumping power are simultaneously minimized using multi-objective genetic algorithm. Results showed that the nanotube nanofluid with lignin as the surfactant performed better thermally and hydrodynamically, due to lower viscosity at high carbon nanotube concentration compared to the nanotube nanofluid with sodium polycarboxylate surfactant. As an example, a 29% and 28% increase in pressure drop is found for sodium polycarboxylate-based nanofluid at a volume fraction of 0.1% for a circular and square MCHS, respectively. A similar pattern is observed at higher volume fraction as well, even higher pressure drop with increasing volume fraction. Also, it is shown that microchannel heat sink with circular cross section performed better than that with square section.
Introduction
As microelectronic device design continues towards miniaturization and becoming more complex, the power density is increasing with effective cooling of the active components needed to ensure their optimum operation.
Sensitive components such as integrated circuits, which are the main generators of heat, are vulnerable to temporary or permanent failure if overheated. Thus, the landmark study by Tuckerman and Pease in 1981 [1] of using a microchannel heat sink (MCHS) in very-large-scale integration (VLSI) circuits has attracted great interests from many researchers due to its proven effective and compact heat removal from a small area. Efforts into the enhancement of the cooling capacity of a MCHS have much focussed on the structural materials [2] [3] [4] [5] [6] [7] , different channel shapes [8] [9] [10] [11] , effect of entrance channel shapes [12] and various types of coolants [1, 2, [13] [14] [15] . To date, it seems that research into the structural material and common channel geometries has almost reached its saturation stage [16] . However, the introduction of fins within the channels can lead to heat transfer improvement as shown in [17] . This numerical analysis based on optimization procedure demonstrated that heat transfer of water in laminar regime within microchannel heat sink with pin-fin and dimple is enhanced with both the increase in pin diameter and the reduction in stream-wise spacing. The effect of triangular cavities and rectangular ribs on heat transfer performance of microchannel heat sink under laminar regime was also investigated numerically in [18] . These authors evidenced uniform and lower temperature at the substrate of the heat sink and reported better heat transfer performance with cavities and ribs than without. They also proposed the better combination of cavities and ribs to achieve higher performance. Moreover, thermal performance of air-cooled heat sink was obtained from simulation by Moradikazerouni et al. [19] who also studied spatial variation in plate fins in forced convection flow. Vinoth and Senthil Kumar [20] demonstrated from experiments that trapezoidal cross-sectional oblique finned microchannel appears to be more suitable for heat transfer enhancement than square and semicircle cross section. In addition, Al 2 O 3 /water nanofluid of volume fraction 0.25% also increases heat transfer in comparison with water. Convective heat transfer and pressure drop of microchannel heat sink with multiple zigzag flow channels were experimentally studied by Duanthongsuk and Wongwises considering SiO 2 -water nanofluids [21] . They compared the performance of a continuous zigzag flow channel and a zigzag flow channel with a single cross-cutting at the middle position. A higher Nusselt number was obtained with nanofluids compared to water, while better heat transfer performance was obtained with the presence of single cross-cutting. Previously, the fluid flow and heat transfer of c-AlOOH-50/50 water-ethylene glycol nanofluid flowing through a sinusoidal wavy channel were investigated by Vo et al. [22] showing also the influence of nanoparticles' shape in heat transfer performance.
Moreover, improvement in heat transfer capabilities with variations in the thermophysical properties of fluids has been continuously of interest. The thermal conductivity and heat capacity-two properties responsible towards a coolant ability to remove heat-of air, water and refrigerants could be manipulated through the addition of moisture in the case of gas and particles for the liquids. The latter has become the trending coolant with continuous studies into different particles with various concentrations dispersed in various base fluids [23] [24] [25] . The enhanced heat transfer attainable with nanofluids has made them as a popular choice of coolants [26] , as also evidenced in some of the previous references.
Unlike the standard nanofluids with spherical oxide or metallic particles immersed in base fluid, fewer studies have been completed on the use of carbon nanotube (CNT)-based nanofluids in microchannel heat sink. Recently, Arani et al. [27] have numerically investigated heat transfer rate of CNT nanofluids flowing through a truncated double-layered microchannel heat sink. From theoretical models for nanofluid properties, they showed the increase in heat transfer with nanoparticle content and the reduction in thermal resistance with the increase in Re or nanoparticle loading. An experimental investigation on thermal performance and fouling of CNT/water nanofluid inside a heat sink with rectangular microchannel was performed by Sarafraz et al. [28] . Temperature profile along the channel length was reported to decrease with nanoparticle content that also leads to the increase in heat transfer compared to water. Lastly, the laminar heat transfer of kerosene nanofluid/multi-walled carbon nanotubes in the microchannel heat sink was numerically studied by Arabpour et al. [29] . Increasing Reynolds number and volume fraction of nanoparticles produced the increase in convection heat transfer that reduced the maximum temperature. The reduction in thermal resistance that causes the enhancement of heat transfer amount was also reported to be dependent on slip velocity at walls.
Different results have been reported in the literature [30] [31] [32] on the analytical models of the thermophysical properties on CNT. Thus, only experimentally obtained properties of the CNT nanofluid, specifically for thermal conductivity and viscosity, have to be preferably used in modelling of its performance in any cooling system as reported by Halelfadl et al. [15] and Nik Mazlam et al. [33] . It has been established that dispersion and stability of the nanoparticles can be prevented with the addition of surfactant though their specific effects have hardly been studied. As reported earlier in laminar pipe flow [34] , experimentally obtained thermophysical properties of CNT nanofluids are here used to determine the optimized thermal and hydrodynamic performance of a MCHS. Two types of CNT nanofluids are investigated and mainly differ in types of surfactants used, lignin and sodium polycarboxylate, respectively.
Although circular geometry is better in terms of fluid flow due to the absence of corners, fabrication of a circular MCHS has been an issue till late. Advances in the manufacturing technology could make it feasible and advantageous in heat transfer considering the physics of the flow. Thus, the objective of this study is also to compare the performance of circular and square geometries through simultaneous minimization of the thermal resistance and pumping power of a MCHS cooled with CNT nanofluids. The thermal resistance model is utilized with multi-objective optimization algorithm (MOGA), a search tool the authors found to be capable of a global search in the presence of multiple conflicting objectives [11, 12, 15, 24, 33] . It has been known that the pressure drop tends to increase with the increase in the thermal resistance of a MCHS, and MOGA has been used by the authors in their previous studies with a MCHS. The model developed by Ghazali-Mohd et al. [11] is used here to look into how different surfactants affecting the thermophysical properties of CNT nanofluids contribute to the thermal and hydrodynamic performance of a CNT nanofluid-cooled MCHS.
Mathematical modelling
A schematic structure of the aluminium circular and square MCHS used is shown in Fig. 1 [11] . The MCHS has the dimension L 9 W of 1 9 1 cm with a height of 0.213 mm. The size is based on the previous studies [1, 15] . A series of parallel channels run the length of the MCHS.
Each microchannel has a hydraulic diameter, H c . A uniform constant heat flux is assumed to be applied from the bottom of the MCHS which is connected to the electronics chip. Working fluid at the flow rate of G = 4.7 9 10 -6 m 3 s -1 enters the series of parallel channels along the length of the MCHS to remove the heat flux generated. On top of the MCHS, it is covered by an adiabatic cover plate. The entire chip area can be cooled by this system. The dimensions of the MCHS are given in Table 1 .
The total thermal resistance is contributed by the substrate below the channels, R cond , the convective heat transfer, R conv , and the coolant heat capacity, R cap , where the resistances are assumed to be in series. In the optimization process of the MCHS, H c and the ratio of the wall width, W w , to H c are the variables to be optimized to achieve simultaneous minimization of the thermal resistance and pumping power. The total thermal resistance according to the thermal resistance model can be determined from
where j conv takes the values of 1/3 and 1/p, for the square and circular MCHS, respectively, while j cap takes the values of unity and 4/p for the square and circular MCHS, respectively. The hydraulic diameter, H c , and channel wall width-to-channel width ratio, b, are regarded as variables,
Similar to the thermal resistance, the hydraulic resistance is represented by the total pressure drop used in [11] :
In this investigation of the effect of surfactants on thermophysical properties and heat transfer performance of nanofluids flowing in MCHS, m for the circular and square channels used is 128 pH c and 57 2H c , respectively. Equation (1) Thermal conductivity, k/W m -1 K -1 238
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Optimization with MOGA Generally, optimization problems consist in discovering the best solution from all feasible solutions. The optimization procedure applied here is based on the past studies [11, 12, 14] , mathematically represented as,
for m = 1, 2, …, M for the number of objective functions; in this study, M = 3. Meanwhile, x is a vector containing the design variables which in this case are H c and b.
The optimization solver of multi-objective optimization using genetic algorithm is chosen as the current problem exhibited a multi-objective nature. The two objective functions to be minimized are selected to describe the overall performance of the microchannel heat sink. The first objective function is associated with the thermal performance that is the total thermal resistance, Eq. (1), while the second is related to the hydrodynamic performance that is the pressure drop, Eq. (3). Next, the bounds are created for the design variables. Two design variables used in the optimization procedure include the hydraulic diameter, H c , and channel wall width-to-channel width ratio, b, with their lower and upper bounds limit specified in Table 2 , based on the past studies.
In the optimization process of a MCHS, H c and b were regarded as variables, while the other parameters were fixed. After that, the optimization options such as population, selection, reproduction, mutation, crossover, migration and stopping criteria were also set in order to generate a Pareto optimal front for both objective functions. Several solutions were also generated to determine the most appropriate combinations of the optimization options. Those options are specified in Table 3 .
Lastly, Fig. 2 describes the complete optimization procedure employed in the current research.
Carbon nanotube nanofluids
The water-based CNT nanofluids presently considered were previously investigated [35] . In short, they consisted in carbon nanotubes (density 1800 kg m -3 ; purity 90%) of 9.2 nm and 1.5 lm in average diameter and length, respectively, dispersed in a mixture of water and surfactant.
It is noted that the mass ratio between surfactant and nanoparticle content was kept constant for each studied concentration in nanotubes. Two types of surfactant were considered, namely lignin and sodium polycarboxylate. They were used to improve the dispersion and stability of CNT within water and reduce clogging and sedimentation with time. Their preparation and the evaluation of their thermophysical properties at 20°C were reported earlier for volume fraction ranging from 0.0055 to 0.55%. In brief, density and heat capacity were obtained from mixing rules using equations developed by Pak and Cho [36] and O'Hanley et al. [37] , respectively, as described in [38] . Thermal conductivity and viscosity were experimentally determined from well-designed procedures in [35, 39, 40] . All these results are shown in Fig. 3 . In the following, nanofluids produced with lignin are labelled N 2 . N 3 is used for nanofluids obtained with sodium polycarboxylate as surfactant.
So, Fig. 3 shows that density of nanofluids increases and heat capacity of nanofluids decreases, with volume fraction as generally reported in the literature. In addition, both properties are similar for both nanofluids. Regarding the thermal conductivity of nanofluids, it obviously increases with nanoparticle content with similar trend and values for both nanofluids. While the type of surfactant used in the CNT nanofluid preparation has no effect on the previous thermophysical properties, a difference is observed for viscosity. The effect is graphically represented in Fig. 3 where, as the volume fraction increases just beyond 0.03%, the viscosity for N 2 and N 3 diverged in value, N 3 being highly affected with a sharp increase in viscosity up to 0.55%.
These graphs have already indicated the necessity to appraise the types of surfactant used and its effect on the desired properties looked for, and the thermal and hydrodynamic performances. They also show the interest of using experimental data rather than models that could not be relevant for nanofluids.
All thermophysical properties at 20°C are modelled through the experimental data reported in Fig. 3 in order to make easier their use for the optimization procedure. These equations are presented in Table 4 . Based on the previous observations, similar equations were used with both nanofluids for density, heat capacity and thermal conductivity.
Results and discussion
The effects of the particle volume fraction on the thermal resistance and pressure drop are presented first for N 2 in a circular MCHS, for the volume fractions of 0.1%, 0.2%, 0.3% and 0.5% at 20°C. The pattern and trend exhibited are expected for the thermal and hydrodynamic performance of a MCHS where a decrease in the thermal resistance is followed by an increase in the pressure drop as shown in Fig. 4 .
Up to 0.3%, the difference between the volume fractions does not seem to affect much the performance of the MCHS. A previous study [8] showed that the increased nanoparticle volume fraction increased the thermal conductivity of the coolant and increased the convective heat transfer coefficient which in turn reduces the convective Thermal and hydrodynamic performance of a microchannel heat sink with carbon nanotube… 941 thermal resistance. Since both N 2 and N 3 nanofluids have the same nanotubes and thermophysical properties except for the viscosity, a similar trend is expected with their thermal and hydrodynamic performances. Thus, a comparison of the performance in a circular and square MCHS is presented next in Figs. 5-7 for the volume fraction of 0.1%, 0.3% and 0.5%, respectively. For each case of a circular or square MCHS, at any particular thermal resistance, R th , the pressure drop is higher for N 3 than for N 2 , showing the effect of the surfactant used and its influence on dispersion state of nanotubes and viscosity increase. For a circular MCHS at 0.63 K W -1 , the pressure drop for N 3 is 21% higher than that for N 2 , while for the square MCHS at 0.63 K W -1 , the pressure drop for N 3 is 28% higher than that for N 2 . Hence, N 2 nanofluid is more preferable if a lower pumping power is desirable for the same thermal performance. The difference in the performance becomes more significant as the volume fraction increases as shown in Figs. 6 and 7 . The pressure drop also increases as the volume fraction is increased at any thermal resistance. Figures 8 and 9 show the effect on the pressure drop as the hydraulic diameter of the channel increases, for the case of 0.1% and 0.5% volume fraction, respectively.
As the hydraulic diameter increases, the expected decrease in pressure drop is observed. N 3 , however, showed a significant increase in the pressure drop which subsequently will result in a higher pumping power for the heat sink to operate with the coolant. The type of surfactant used has no effect on the thermal performance as listed in Table 5 for 0.1% volume fraction, selected at the hydraulic diameter of 201 mm. The wall width, W w , and number of microchannels, n, in each MCHS are also listed in Table 5 . An increase of 29% and 28% in pressure drop is expected when N 3 is used instead of N 2 , for a circular and square MCHS, respectively. For the same channel height and number of channels per MCHS, the thermal performance is the same for N 2 and N 3 , but hydrodynamically, N 2 outperformed N 3 because of the change in viscosity. This applies for both the circular and square geometries. The higher pumping power required for the circular MCHS is due to the smaller cross-sectional area involved, 20% smaller than that of the square geometry. The same effect is observed at other volume fractions. With a lower thermal resistance at a higher pumping power, flow in circular channels eliminates the potential secondary flow that could occur in the square MCHS. The phenomenon could reduce the effectiveness of the channel wall and consequently affect the thermal performance of the MCHS.
Finally, the outcomes of this study showed that serious consideration is needed with the selection of surfactant when energy use is an issue. Actually, while stability and dispersion of nanoparticle are improved, the thermophysical properties can be modified and lead to drastic changes in hydraulic and thermal performance. Utilization of a MCHS does not only involve 1 unit of 1 cm by 1 cm, but many which translate into a high-pumping power requirement.
Conclusions
We report in this study the optimization of a microchannel heat sink (MCHS) cooled with carbon nanotube nanofluids flowing under laminar regime. This was done using multiobjective genetic algorithm (MOGA) to minimize simultaneously the thermal resistance and pressure drop of the MCHS. This optimization analysis was performed from viscosity and thermal conductivity values of carbon nanotube nanofluids at 20°C that were experimentally obtained. Two types of CNT nanofluids were studied and mainly differ in types of surfactants used, lignin and sodium polycarboxylate, respectively. The effect of nanotube volume content and shape of channel section on the thermal and hydrodynamic performances was also investigated.
It was reported that nanofluids with lignin as surfactant produced a better thermal and hydrodynamic performance for the MCHS compared to the ones containing sodium polycarboxylate. This is attributed to higher viscosity of the latter nanofluids as all other thermophysical properties are similar. As an example, a 29% and 28% increase in pressure drop is expected for sodium polycarboxylate-based nanofluid at a volume fraction of 0.1% for a circular and square MCHS, respectively. The pattern is observed at other volume fractions as well, even higher pressure drop with increasing volume fraction. Also, circular channel geometry presents a lower thermal resistance than square channel geometry. Thus, it is imperative to properly determine the properties experimentally or use relevant models to predict the expected performance of nanofluid in flowing energy systems like microchannels before deciding on the nanofluids use in real applications.
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